Hand, foot, and mouth disease (HFMD) has become a major public health concern in the Asia-Pacific region. Knowledge of its economic burden is essential for policy makers in prioritizing the development and implementation of interventions.
Hand, foot, and mouth disease (HFMD) is an infectious disease that mainly affects children ≤5 years of age and is caused by various serotypes of Enterovirus A, especially enterovirus A71 (EV-A71), coxsackievirus A6 (CV-A6), CV-A10, and CV-A16 [1] . Although the majority of the infections are uncomplicated, severe central nervous system and/or cardiovascular complications may occur, which can be fatal and are often associated with EV-A71 infection [2, 3] . Since 1997, HFMD has been recognized as a public heath threat because it has caused several large severe outbreaks across the Asia-Pacific region, including Cambodia, China, Malaysia, Singapore, Taiwan, and Vietnam, with an estimated incidence of >2 million recorded cases in these countries annually in recent years [4] [5] [6] [7] [8] . In Vietnam, since 2011, the annual incidence has averaged around 80 000 cases, with an epidemic peak occurring between 2011 and 2012 with >200 000 cases and >200 deaths [9] . However, like other diseses in Vietnam (such as dengue [8] ), the number of recorded HFMD cases is considered to be underreported because it is common that mild HFMD cases either visit private clinics for treatment or are managed at home by parents, and as such are not reported to the Ministry of Health. Undoubtedly, HFMD outbreaks have caused substantial economic burden in the communities and health care systems of the affected countries. The detailed data on economic loss posed by HFMD outbreaks, however, remain unknown. In addition to hospitalization-associated costs, especially in case of severe illness, HFMD causes additional burden for the affected families, especially nuclear families, and the societies of the endemic countries as a whole. This is because parents of affected children have to take off time from work to care for their children due to hospital admission and/or school closure. Yet, the effectiveness of current public health measures (eg, school closures) remains unknown [10] .
Due to its burden, much attention has been focused on the development of HFMD vaccines [11] . While such efforts, especially multivalent vaccine development, are still ongoing, inactivated EV-A71 vaccines have been successfully developed in China [12] [13] [14] and were licensed in December 2015 [11] . The use of these vaccines is currently voluntary and has only been restricted within Mainland China.
In view of recent advances in HFMD vaccine development and the success of EV-A71 vaccine research as well as its potential benefit [11] , it is anticipated that HFMD vaccines will be widely implemented in the near future. Therefore, knowledge about the economic burden of HFMD in Vietnam is essential to inform local policy makers in planning and prioritizing resources for vaccine development and implementation and outbreak response. However, such data are currently unavailable for Vietnam. Here, we report the results of a prospective descriptive hospital-based study aimed at estimating costs attributed to HFMD for all clinical severities, specific pathogens, and geographic locations in Vietnam.
METHODS

Settings
The present study was conducted at Children's Hospital 1 (CH1), CH2, and Hospital for Tropical Diseases (HTD) in Ho Chi Minh City, Vietnam. These are tertiary referral centers for children with HFMD in Ho Chi Minh City and southern Vietnam with a catchment population of >40 million.
Patient Enrollment and Data Collection
Patient enrollment was carried out at the aforementioned hospitals during April 2016-December 2017. We screened any patient ≤16 years of age presenting to outpatient departments or admitted to the inpatient wards of CH1, CH2, or HTD with a clinical diagnosis of HFMD and, if outpatients, an illness duration of ≤3 days for enrollment in our study.
We collected information regarding demographics, clinical signs/symptoms, clinical grades, treatments, laboratory tests, length of hospital stay, outcomes, and associated economic costs from the participants. For enterovirus serotype determination, we sampled acute throat and rectal swabs at enrollment.
Information about associated economic burden was captured through hospital invoices and face-to-face interviews of the accompanying relatives. The former included information about hospital fees attributed to hospitalization, including both costs covered by health insurance and patients' relative out-ofpocket payments. The remaining information was collected for the period before hospital admission, during hospitalization, and 7 days after discharge, including costs associated with medicine, transportation (eg, visiting private clinics and hospital admission), and accommodation for relatives during the course of their child being hospitalized, as well as work loss of relatives due to caregiving.
HFMD Clinical Grade Classification
According to the Vietnamese Ministry of Health, HFMD is clinically divided into 4 major grades: Grade 1 is assigned to patients presenting with mouth ulcers or vesicles/papules on the hands, feet, or buttocks, with or without mild fever (<39°C); Grade 2 is further divided into Grade 2A (central nervous system [CNS] involvement, myoclonus reported by parents or caregivers only, fever >39°C or ataxia), Grade 2B1 (myoclonus observed by medical staff or history of myoclonus and lethargy or pulse >130 bpm), and Grade 2B2 (ataxia, cranial nerve palsies, limb weakness, nystagmus, persistent high fever, or pulse >150 bpm); Grade 3 involves autonomic dysfunction with sweating, hypertension, tachycardia, and tachypnoea; and Grade 4 is for disease with additional cardiopulmonary compromise with pulmonary edema or shock syndrome [5, 9] . Patients with Grade 2B1 or above are considered to have severe HFMD.
Enterovirus Detection and Serotype Determination
A combination of polymerase chain reaction (PCR) and sequencing was employed to identify enterovirus serotypes causing HFMD. The PCRs and sequencing procedure were carried out as previously described [15] . In brief, a specimen from a throat swab was analyzed so as to extract viral RNA using the QIAamp viral RNA kit (QIAgen GmbH, Hilden, Germany), and then 1-step multiplex real-time reverse transcription (RT)-PCR assay was carried out to simultaneously detect enterovirus (EV) and EV-A71. All specimens infected with EV were then tested to further identify the specific serotype using VP1 PCR and sequencing analysis [16] . If 1-step multiplex real-time RT-PCR did not detect EV or EV-A71, then rectal swabs were analyzed using the same procedure applied for throat swabs [15] .
Components of Economic Costs and Data Analysis
An overview of the economic burden components of HFMD is presented in Figure 1 . The total illness costs consist of direct and productivity costs (Figure 1 ). The former includes direct medical and nonmedical costs. Direct medical costs consist of the costs associated with the goods and resources directly related to medical services over the course of the illness (eg, before hospital admission, during hospitalization, and 7 days after discharge), and direct nonmedical costs consist of the costs associated with nonmedical resources (such as transportation, food, and accommodation). The productivity costs (also known as indirect costs) include the costs attributed to work loss of relatives due to caregiving before hospital admission, during hospitalization, and 7 days after discharge. Productivity costs were estimated based on the numbers of work-off days, collected during the face-to-face interview, and average salary for those with paid work or average minimum income for those with unpaid work [17, 18] . We retrieved the average salary and minimum income of Vietnamese people for the period of the study duration from Tan et al. and Kroneman et al. [19, 20] . The productivity loss of children (such as from missed school days) was not valued.
The analysis took the societal perspective, which quantifies all of the costs associated with an intervention/health care, regardless of who incurs them. It was not possible to stratify the costs depending on if they were incurred by the health care provider or the patients themselves. No excess mortality was considered in the calculation of productivity costs.
We summarized all values of illness costs as means and 95% confidence intervals (CIs) in US dollars with an average conversion rate of US$1 equivalent to 22 000 Vietnamese Dong for the duration of the study period (2016-2017; https:// freecurrencyrates.com, accessed April 2019).
All statistical analyses were done using IBM SPSS Statistics for Windows, version 23 (IBM Corp., Armonk, NY).
Estimation of Total Economic Burden of HFMD at the Nationwide Level During 2016-2017
To estimate the economic burden of HFMD at the nationwide level in Vietnam during the study period, we first calculated the number HFMD outpatients seeking medical treatment at CH1 during 2016-2017 using the formula:
The number of outpatients = the number ofoutpatient visits /2 − α × the number ofoutpatient visits/2, where 2 is the average number of outpatient department visits per HFMD disease episode, as per the medical practice in Vietnam [21] ; α is the proportion of outpatients progressing to inpatients, calculated based on the data collected from the present clinical study; and the number of outpatient visits included the data for 2016-2017 period, which were retrieved from the database record of CH1.
We then utilized the numbers of hospitalized HFMD cases at CH1 during 2016-2017, which we retrieved from the hospital database record, and the number of estimated outpatients at CH1, which was obtained using the above formula to calculate the ratios of inpatients and outpatients (β). With this obtained β value, we extrapolated the number of outpatients at the nationwide level during 2016-2017 by dividing the number of hospitalized cases across Vietnam by β. Finally, the total economic burden of HFMD in Vietnam is the sum of illness costs posed by inpatients and outpatients, which were calculated using the estimated illness costs for respective patient groups obtained in the present study and the estimated number of inpatients and outpatients across Vietnam.
Ethical Statement
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RESULTS
Baseline Characteristics of the Patients
During April 2016-December 2017, we enrolled a total of 466 patients, including 427 in-and 39 outpatients. The baseline characteristics and clinical outcome are presented in Table  1 the hospital without additional deterioration. These 2 patients were treated as inpatients in subsequent analyses. Compared with mild patients, patients with severe HFMD were admitted to the hospitals later (Table 1) and had a longer duration of hospitalization: median number of days (range), 2 (0-7) vs 1 (0-7); P = .009; and 5 (1-11) vs 3 (1-31); P < .001; respectively (Table  1 ). In terms of clinical outcome, 463 (99.4%) patients recovered without complication, whereas unfavorable outcomes were recorded in 3, including pneumonia (n = 1), paralysis (n = 1), and death (n = 1). The fatal case had no enterovirus found in the collected swabs by the diagnostic workup of the present study.
Results of Etiological Investigations
The results of the enteroviral diagnostic are presented in Table  1 and Supplementary Table 1 . Enteroviruses were identified in 74% of the 466 enrolled patients with EV-A71, CV-A6, CV-A10, and CV-A16, which were the most common viruses identified, accounting for 90/466 (19.3%), 71/466 (17%), 43/466 (9.2%), and 32/466 (6.9%) patients, respectively (ie, 50.6% of total enrolled cases). Although the detection rates of these common causes were similar among inpatients and outpatients, the detection rates were statistically different between inpatients with severe and mild HFMD, with EV-A71 being more commonly detected in patients with severe clinical phenotypes (Supplementary Table 1 ), supporting previous reports linking EV-A71 infection to severe disease [1] . Notably, EV-A71 PCR-positive patients were older than those infected with CV-A6/10/16 and had a longer duration of hospitalization and later hospital admissions (Supplementary Table 1 ).
Illness Costs Attributed to HFMD: A General Overview
The detailed economic burden associated with HFMD for all enrolled patients and for different patient groups is presented in Table 2 . Overall, there were considerable differences in direct medical costs between groups of patients with different clinical severities and patients infected with different pathogens (ie, EV-A71 vs non-EV-A71). In contrast, the direct nonmedical and productivity costs were relatively similar between patient groups. The mean total economic burden per case was estimated to be US$400.80 (95% CI, $353.80-$448.90), of which the total direct costs accounted for 69.7% (mean, US$279.30; 95% CI, $235.30-$328.90), whereas direct medical costs accounted for 51.1% (mean, US$204.70; 95% CI, $162.10-$253.10).
Economic Burden of HFMD by Geographic Location, Disease Severity, and Pathogen
In terms of geographic locations, although they were not statistically significant, the associated economic costs of patients coming from other provinces were slightly higher than those of patients living in HCMC (mean, US$415.50; 95% CI, $355.80-$480.90; vs mean, US$381.70; 95% CI, $302.90 -$464.50), which was attributed to the higher direct nonmedical costs (such as travel costs) of patients coming from other provinces rather than HCMC ( Table 2) .
As expected, patients with severe HFMD were associated with significantly higher total illness costs compared with those with mild disease (including outpatients and inpatients with Grade 2A) (Table 2), the majority of which were attributed to direct medical costs. Additionally, of the severe patients (ie, Grade 2B1 and above), the higher the clinical grade, the greater illness costs were; the estimated mean of the total illness costs (95% CI) was US$597.20 ($396.30-$839.80) for Grade 2B1, $1045.00 ($772.60-$1341.90) for Grade 2B2, and $1861.00 ($1687.80-$2088.90) for Grade 3.
In terms of enterovirus serotypes and associated costs, because EV-A71 was predominantly found in patients with severe clinical phenotypes, as a consequence the estimated mean illness costs attributed to EV-A71 were higher than those of other HFMD-causing enterovirus serotypes (including CV-A6, CV-A10, and CV-A16) ( Table 2) .
Total Economic Burden of HFMD at the Nationwide Level in Vietnam During 2016-2017
During the study period, Vietnam recorded a total of 94 313 hospitalized HFMD cases (47 428 cases in 2016 and 46 885 cases in 2017) [22] . Accordingly, the estimated number of outpatients in Vietnam during 2016-2017 is 532 397. This would be equivalent to a nationwide total economic burden posed by HFMD , and that illness costs varied between enteroviruses and disease severities. EV-A71 caused the highest economic burden, especially if the disease was severe, and the higher costs were mostly attributed to the direct medical costs. However, in contrast to the fluctuations of the direct medical costs, the indirect medical costs and productivity losses were similar across the clinical phenotype groups. Around 50% of the HFMD economic burden is out-of-pocket payments. This is a substantial burden at the national level, especially for a developing country like Vietnam.
Although comparison of the illness costs between studies conducted in different countries has limitations due to the differences in study designs and social/economic statuses, our results are in agreement with previous reports, including those from China and Taiwan [23] [24] [25] . A recent study from China reported total costs for outpatients and inpatients with mild and severe HFMD of US$196 (95% CI, $75-$318), US$990 (95% CI, $431-$1549), and US$90 761 749 (95% CI, $79 003 973-$103 009 756). Although the data from China were retrospectively obtained through telephone interview of the participants and may therefore not accurately estimate the disease burden, the higher estimated costs for the respective disease groups in China may be due to the difference in social economic statuses between Vietnam and China (http://www. worldbank.org). Additionally, in line with a recent report from Taiwan [25] , our results showed that EV-A71 infection resulted in higher illness costs than other HFMD-causing enterovirus serotypes did, attributable to the predominance of EV-A71 found among patients with severe HFMD. The productivity costs were similar between groups of patients infected with different enterovirus serotypes.
The results of our etiological investigation showed that although HFMD is diverse in etiology, EV-A71 was predominantly found in patients presenting with Grade 2B1 or above (ie, severe HFMD). As such, our findings are consistent with previous etiological studies in the region [5, 7] . Of note, existing serological data obtained from vaccine trials and in vitro experiments suggest that cross-neutralization against heterogeneous serotypes of HFMD-causing enteroviruses is absent and/or insufficient to provide long-term protection [11, 12, 14] . Collectively, our data and others' data indicate that multivalent vaccines are needed to control HFMD [11] . However, although the development of such multivalent vaccines might be highly challenging because of the unprecedented emergence of HFMD-causing viruses [26] , effective EV-A71 vaccine(s) are urgently needed, as such interventions would substantially reduce the major (~50%) burden caused by severe HFMD.
The strengths of our report include that it was prospectively conducted at major hospitals in Ho Chi Minh City, Vietnam, with a catchment population of >40 million, and that the data on illness costs were comprehensively captured from both in-and outpatients for the periods before hospital admission, during hospitalization, and 1 week after discharge. Few economic burden studies in this area have reported at this level of details [8] .
Our study has some limitations. First, we only based our economic burden estimations at a nationwide level on cases presenting to hospitals for medical treatments, but we did not take into account those seeking medical treatments at private clinics or being managed at home by parents. We may therefore have underestimated the economic burden of HFMD in Vietnam. Second, we extrapolated the total costs using our estimated illness costs data obtained from major hospitals in Ho Chi Minh City, an urban setting, whereas around 50% of HFMD patients are managed at provincial hospitals, which may result in lower hospital costs. We may therefore have overestimated the economic burden of HFMD at the nationwide level. Third, despite our holistic approach, it is not always straightforward to accurately value productivity losses, which are subjected to variations in the income of the population, particularly those with unpaid work. Collectively, our results, especially the data on economic burden at the nationwide level, should be interpreted with caution. To summarize, for the first time, we show that HFMD causes substantial annual economic burden in Vietnam. An effective EV-A71 vaccine could substantially reduce the majority of severe cases, thereby significantly reducing the illness costs from severe disease. Our results will be helpful for policy makers in Vietnam in prioritizing resources for the development and implementation of intervention strategies, including vaccines, to reduce the burden of HFMD.
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